The highest activity of glycerophosphocholine phosphodiesterase (EC 3.1.4.2) in subcellular fractions of rat forebrain was found in the microsomal fraction though significant amounts were found in fractions containing plasma membranes. With the use of Ca2+/EGTA and Ca2+/EDTA buffers it was shown that very low concentrations of free Ca2+ (EC50 approx. 10-9M) could activate the enzyme.
The major catabolic route for phosphatidylchol -(1957) could demonstrate no activation of dialysed ine in animal tissues first entails the removal of fatty brain homogenates by a variety of cations including acids by the combined activity of phospholipase A, Mg2+, Zn2+ and Ca2+ but activation, particularly by (EC 3.1.1.32), phospholipase A2 (EC 3.1.1.4) and Mg2+ or Mn2+, occurred with dialysed preparations lysophospholipase (EC 3.1.1.5). The water-soluble pre-treated with EDTA. Baldwin et al. (1969) sn-glycero-3-phosphocholine (glycerophosphocholconfirmed for kidney the findings of Webster et al. ine) so produced is then hydrolysed to sn-glycerol (1957) and suggested that Zn2+ might be the active 3-phosphate and choline by glycerophosphocholine cation. Recently we noted that when a brain phosphodiesterase (EC 3.1.4.2; 'glycerophosphomicrosomal fraction was prepared in EDTA/ choline diesterase') as was demonstrated in an sucrose, its glycerophosphocholine diesterase acextract of acetone-dried liver by Dawson (1956) , tivity could be completely restored by washing the in brain by Webster et al. (1957) and kidney by fraction with sucrose alone. This suggested that Ulirich & Pehling (1959) . Of the rat tissues studied Ca2+ may be essential for activity at concentrations by Baldwin & Cornatzer (1968) the kidney showed of the order of 10-6M, and the present report is the the most activity and this was largely in the microfirst, as far as we are aware, in which the free Ca2+ somal fraction from which they made a soluble levels have been controlled with Ca2+/EGTA and preparation. Lloyd-Davies et al. (1972) , on the other Ca2+/EDTA buffers. hand, found that the activity in rat liver was preferentially located in a plasma membrane fraction and Experimental that some activity was in the cytosol. The enzyme in secretions of the female reproductive tract is also a Materials soluble one according to Wallace & White (1965) .
Glycerophosphocholine as its CdCl2 complex was Dawson (1956) (1956) noted that the dialysed liver enzyme was isolating the lipid on a column of aluminium oxide as slightly activated by 10-3M-Mg2+ but that higher described by Hazlewood & Dawson (1975 (Dawson & centrifuged for 20min at 22000g. Hemington, 1977) . The effluent was concentrated to
The resulting supernatant was carefully removed give an oily residue, taken up in methanol (1 ml/mg with a Pasteur pipette and the microsomal fraction of P) and the glycerophosphocholine was prewas obtained by centrifuging this supernatant for cipitated by adding 25 vol. of diethyl ether and 90min at 100000g. The microsomal pellet was leaving the sample in the cold for several hours. The homogenized in 0.25 M-sucrose and the homogenate glycerophosphocholine was stored in ethanol/water was diluted so that 1 ml contained the equivalent of (4: 1, v/v). This material had a specific radioactivity 0.1 g brain weight. After centrifuging this fraction for of 0.42, Ci/, umol. 90min at lOOOOOg the resulting pellet was diluted in The labelled glycerophosphocholine was checked 0.25 M-sucrose, usually to a concentration equivalent for purity before and after hydrolysis with HCI to 200mg of original tissue/ml. (Schmidt et al., 1952 incubation, Ca2+/EGTA or Ca2+/EDTA buffers were prepared as previously described (Spanner & were used. The composition of these buffers is Ansell, 1979) . Most of the experiments were carried shown in Table 1 and was in each instance out on the microsomal fraction which was prepared calculated from the data of Raaflaub (1956) . The as follows. The forebrain was homogenized in stability constant of the Ca2+-EGTA complex 0.25 M-sucrose (for modification, see below), the (logKs) is 11.0 and that of the Ca2+-EDTA homogenate was diluted to 10% (w/v) with more complex 10.59. The apparent stability constants sucrose and centrifuged for 10min at 5000g. The (Ks) at pH 8.6 were calculated to be 5.09 x 109 for supernatant was decanted and the pellet was Ca2+-EGTA and 8.32 x 108 for Ca2+-EDTA, and re-homogenized in sucrose, the volume was rethe volumes of 1 mM-CaCI2 required to be added to Free Ca2+ (M) in buffer pH 8.6 in buffer pH 8.6 2ml of 1 mM-EGTA were calculated from eqn. (10) incubations was also counted and assayed for of Raaflaub (1956) ever, all the glycerophosphocholine diesterase was Separation and measurement of choline. Choline recovered in the microsomal fraction with a relative was separated from other water-soluble cholinecontaining compounds on Zeolit 225 (Na+ form, 52-100 mesh) (Mann, 1975) . The 2ml sample obtained above was applied to a column 0.9 cm in diameter containing 3 ml of resin. The tube was Ca2+ from the glassware. Fig. 1 that with Tris/HCl and sodium veronal
In an attempt to find the-concentration of Ca2+ buffers the pH optimum appeared to be between required by the enzyme, Ca2+/EGTA buffers were pH 8 and 8.6. Though the activity at pH 8.6 was the prepared as described in the Experimental section, so same with glycylglycine/NaOH buffer, maximum as to yield free Ca2+ in the range 10-7-10-1 M. As activity was not reached until the buffering capacity can be seen in Fig. 2 , the effective concentration of this buffer was exceeded. It therefore seemed giving 50% maximum activity (EC50) was 8 x reasonable to use a pH value of 8.6, especially as 10-'0M. At the very low concentration of 10-I"Mmost authors have found optimum activity at or Ca2+, neither Mg2+ up to 1 mm nor Zn2+ at 10-SM around that value.
concentrations were able to restore the activity, though at high concentrations both cations partially dialysis. In the present study we demonstrated that restored the activity (Table 3) . Using Ca2+/EDTA when brain microsomes were prepared in sucrose/ buffers the EC50 was very similar to that with EDTA and then washed twice with sucrose alone Ca2+/EGTA, i.e. 1.7 x 10-9M (Fig. 2) . However, with the activity was restored (Table 3 ). This suggested Ca2+/EDTA the final maximum activity was sigthat Ca2+ might well be the active cation, especially nificantly lower than with Ca2+/EGTA (Table 3) .
since the highly Ca2+-selective chelating agent Ca2+/EGTA buffers at pH 7.4 rather than at pH 8.6
EGTA could inhibit the enzyme. gave a similar response curve, but the values were When free Ca2+ concentrations were controlled very much lower as would be expected from the with Ca2+/EGTA buffers, very low concentrations pH-activity curve.
of the cation were shown to activate the enzyme One strange result was that, if the microsomes (EC50 approx. 10-9M) (Fig. 2) . At concentrations of were prepared in sucrose containing EDTA and the Ca2+/EGTA at which free Ca2+ was <10-'0M and EDTA was washed out (see the Experimental enzyme activity negligible, 1 mM-Mg2+ had no effect section), there was a four-fold stimulation of enzyme and 1 mM-Zn2+ had only a slight effect (Table 3) . activity compared with microsomes prepared in Although Baldwin et al. (1969) produced good sucrose alone and the microsomes incubated with evidence that low concentrations of Zn2+ activated Ca2+/EGTA (free Ca2+ 10-8M). Although the the enzyme from kidney, this would seem unlikely enzyme activity was affected by Ca2+ concenfor the brain enzyme from both our own obsertration, the typical sigmoid response curve was now vations and those of Webster et al. (1957) . absent. When Ca2+ levels were controlled by When brain microsomes were prepared in Ca2+/EDTA, however, no such stimulation was EDTA/sucrose and washed with sucrose before found, (Table 3) . incubation with Ca2+/EGTA buffer, the enzyme activity produced by a free Ca2+ concentration of Discussion 10-8M was four times higher than if a Ca2+/EDTA
The last stage in the catabolism of phosbuffer was used. This is difficult to explain but phatidylcholine is the production of free choline by suggests that the requirements of the enzyme are the action of the enzyme glycerophosphocholine complex and that further purification of the enzyme diesterase which hydrolyses glycerophosphocholine, may be necessary for the appropriate experiments to the water soluble product of phospholipases A1 and be done.
A2 and lysophospholipase to glycerophosphate and
The activity of the enzyme (15.5,umol/h per g choline. Glycerophosphocholine diesterase in brain fresh wt.) in the rat forebrain was somewhat lower has a high Km of 2.4mM (Dross, 1975) and is than the value given by Webster et al. (1957) and optimally active at pH 8.6 (confirmed in this paper). Dross (1975) for whole brain. Illingworth & Previous work on the enzyme described in the introPortman (1973) found a very low value of 0.7,umol/ duction indicated that it required a bivalent cation h per g of brain for monkey brain cortex, suggesting for activity, but the nature of that cation was unsignificant species differences. known and several bivalent cations were shown to
The subcellular distribution in rat forebrain restore activity after inhibition with EDTA. Baldwin (Table 2) indicates that the greatest activity is in the & Cornatzer (1968) , however, showed for the microsomal fraction though significant amounts enzyme of kidney that, after inhibition with EDTA, were found in the crude myelin fraction. This the activity could be fully restored by simple suggests a significant level in the plasma membranes of neurons and glia which migrate with myelin in the system used (Spanner, 1972) . Lloyd-Davies et al. (1972) found significant amounts in the plasma membranes of liver, but also 42% of the total tissue activity in the soluble fraction. No activity was found in the soluble fraction of brain (Table 2) though Mann (1975) reported that 17% of the enzyme from whole rat brain was in this fraction. It is clear, however, from separate observations on the striatum (included in the forebrain for most of this study) that there may be regional differences in the subcellular distribution of this enzyme in brain.
The results presented in this paper indicate that the glycerophosphocholine diesterase in the microsomal fraction of rat forebrain is apparently dependent for activity on a very low concentration of Ca2+, comparable with the amount normally found free in cells (< 10-7 M). Other phosphodiesterases are activated by low concentrations of Ca2+, e.g. the polyphosphoinositide phosphodiesterase of erythrocytes (Allan & Michell, 1978) which is not dependent on calmodulin (Downes & Michell, 1982) and the 3':5'-cyclic nucleotide phosphodiesterase (EC 3.1.4.17) of brain (Wang et al., 1980) which is dependent on calmodulin. Whether brain glycerophosphocholine diesterase requires calmodulin is unknown.
The function of glycerophosphocholine diesterase in brain tissue is presumably related to the turnover of phosphatidylcholine in the brain which occurs in a number of compartments, two of which have half-lives in the rat of 1.5 and 20 days (Horrocks et al., 1976) . The brain, however, readily assimilates choline lipids, particularly lysophosphatidylcholine, from the plasma (Illingworth & Portman, 1972) and this may well be the major source of brain choline (for discussion see Ansell & Spanner, 1979) . Recent experiments by Jope & Jenden (1979) have indicated that lysophosphatidylcholine can enter the brain and readily give rise to glycerophosphocholine, so that glycerophosphocholine diesterase in brain may well be responsible for the release of choline from exogenous choline glycerophospholipids though such choline is rapidly re-metabolized. It has been noted in the present paper that levels of glycerophosphocholine diesterase are evenly distributed in gross regions of the brain, but this may not be true for its substrate since Jope & Jenden (1979) showed that glycerophosphocholine levels in rat striatum were 0.8,umol/g fresh wt. compared with 0.3 for cortex. It may be noted that post-mortem hydrolysis of endogenous glycerophosphocholine in whole cortex at 370C proceeds at a minimal rate of 0.6,mol/h per g and in striatum at 1,umol/h per g (Jope & Jenden, 1979) .
